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LHC 2018: Thanks for all the data
LHC has produced 3 years of high 
luminosity collisions at 13 TeV and result 
in ~160 fb–1 in total at the end of the 2018 
operation.

- In 2018 the maximum peak luminosity 
keeps around 2×1034 cm–2 s–1 with mean 
pileup interactions around 40.

- Exceeded peak designed luminosity by 
a FACTOR OF TWO!

- Thanks to the rapid turn-around 
between the fills, The availability of 
LHC is also much higher than the 
expectation, with >50% of the time in 
stable operation.

3

Month in Year
Jan Apr Jul Oct

]-1
De

liv
er

ed
 L

um
ino

sit
y [

fb

0

10

20

30

40

50

60

70

80
ATLAS Online Luminosity

 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  
 = 13 TeVs2017 pp  
 = 13 TeVs2018 pp  

Initial 2018 calibration

1 ASU

1 0
Dy

1 Ju
n

1 Ju
O

1 AuJ
1 6eS

1 2
ct

1 1
ov

1 D
ec

DDte (87C)

0

20

40

60

80

100

7
o
tD

O 
,n

te
J

UD
te

d
 L

u
m

Ln
o
V
Lt

y
 (
fb
−
1
)

× 50

DDtD included fUom 2010-03-30 11:22 to 2018-10-24 04:00 8TC 

2010, 7 7e9, 45.0 pb−1

2011, 7 7e9, 6.1 fb−1

2012, 8 7e9, 23.3 fb−1

2015, 13 7e9, 4.2 fb−1

2016, 13 7e9, 40.8 fb−1

2017, 13 7e9, 49.8 fb−1

2018, 13 7e9, 68.2 fb−1

0

20

40

60

80

100

CMS ,ntegrated LumLnosLty, SS

68 fb–1

65 fb–1



4

WILL TAKE A 
WHILE TO DIGEST 

ALL THE DATA!  
Most of the analyses to date 
only use the data collected 

up to 2016, with some 
exceptional cases go to 2017. 

Will have to wait a little bit 
longer!



Higgs: What We Have Learned in Run-1?
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We know its existence, and quite a few properties!
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The mass has been 
measured to be 

125.1 GeV, up to a 
precision of 0.2 GeV.

It has no spin –– the 
only spin less 

elementary particle 
so far!

Width < 1 GeV 
(direct measurement); 
<0.013 GeV (indirect 

constraint)

The coupling 
strengths to other 

particles do 
proportion to their 

masses as in the 
standard model.



Reminder: Higgs Production & Decay
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Gluon Fusion Vector-boson 
Fusion (VBF)

Additional 
forward jetsDominant channel; 

only a Higgs 
produced through 

top loop

Additional 
W or Z

Higgsstrahlung (VH)

Complex final 
state with top 

pair

top fusion (ttH)

bb
58%

γγ
0.2%

WW
22%

DECAY OF H(125)

gg
8.5%

ττ
8.5%

cc
2.9%

ZZ
3%

The actual analyses setup 
depends on both production and 

decay (and background level).



Run-1 Legacy: CMS+ATLAS Combination

Almost all of the properties of the newly discovered 
boson consist with the SM expectations:
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Search for ttH Production 
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A probe to the top-Higgs coupling:
- through the gluon fusion process, assumes  

no BSM particles running in the loop
- through the associated ttH production 

directly at the tree level.
Good at Run-2: cross section increases by 3.9x.

Higgs decay Branching fraction

H→bb 58%

H→ττ 6.3%

H→ZZ 2.6%

H→WW 22%

H→γγ 0.23%

Reconstruct top pair in all possible 
channel, with H→bb/ττ in addition. 

Complex multilepton final state, 
look for 2-4 leptons + 2 jets  

(and b-tagged jet)

Low branching fraction but with 
narrow H→γγ peak.



CMS ttH Results
CMS study of ttH production with 
combining of all accessible Higgs 
decays and full run1 + 2016 run2 
data.
Observation of ttH production:
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ATLAS ttH Results
ATLAS measure ttH production with 13 
TeV 2016 (and 2017) data, and combining 
with Run-1 samples for the discovery 
significance.
Observation of ttH production. Mild 
excess but still agrees with SM 
expectations.
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Figure 2: Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins observed in 79.8 fb�1 of
13 TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09 ± 0.24 GeV. The non-resonant and total background components
of the fit are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and
background-only curves shown here are obtained from the weighted sum of the individual curves in each BDT bin.

signal-plus-background and background-only curves shown here are obtained from the weighted sum of
the individual curves in each BDT bin. The expected and observed event yields are presented in Table 1
and shown in Figure 3. In Figure 3, a tt̄H signal strength µ = �/�SM of 1.4 is assumed. The total
number of fitted tt̄H signal events in the mass range 105 GeV < m�� < 160 GeV is 36+12

�11. For 13 TeV data
corresponding to an integrated luminosity of 79.8 fb�1, the expected significance of the tt̄H signal in the
H ! �� channel is 3.7 standard deviations. The significance of the observed tt̄H signal is 4.1 standard
deviations. The expected significance in the Had (Lep) region is 2.7 (2.5) standard deviations, while the
observed significance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3 H ! ZZ⇤ ! 4`

In the H ! Z Z⇤ ! 4` analysis, using the same data as in the H ! �� analysis, events with at least
four isolated leptons (four electrons, four muons, or two electrons and two muons) corresponding to two
same-flavour opposite-charge pairs are selected. The four-lepton invariant mass is required to be in a
window of 115 GeV < m4` < 130 GeV. To search for tt̄H events, at least one jet is required, with
pT > 30 GeV and containing a b-hadron identified using a b-tagging algorithm with an e�ciency of
70%. The event selection is described in more detail in Ref. [5]. The current analysis improves the
expected tt̄H significance by defining two signal regions, and by applying a BDT in one of them. A ‘Had’
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Figure 4: Observed event yields in all analysis categories in up to 79.8 fb�1 of 13 TeV data. The background yields
correspond to the observed fit results, and the signal yields are shown for both the observed results (µ = 1.32) and the
SM prediction (µ = 1). The discriminant bins in all categories are ranked by log10(S/B), where S is the signal yield
and B the background yield extracted from the fit with freely floating signal, and combined such that log10(S + B)
decreases approximately linearly. For the H ! �� analysis, only events in the smallest m�� window containing 90%
of the expected signal are considered. The lower panel shows the ratio of the data to the background estimated from
the fit with freely floating signal, compared to the expected distribution including the signal assuming µ = 1.32 (full
red) and µ = 1 (dashed orange). The error bars on the data are statistical.

calculated to next-to-leading-order accuracy (both QCD and electroweak). The cross section extracted
in the combined likelihood fit, as well as the results from the individual analyses, are shown in Table 3,
while their ratios to the SM predictions are displayed in Figure 5. The measured total cross section for tt̄H
production at 8 TeV is 220 ± 100 (stat.) ± 70 (syst.) fb. Figure 6 shows the tt̄H production cross sections
measured in pp collisions at centre-of-mass energies of 8 and 13 TeV, compared to the SM predictions.
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction, and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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Figure 6: Measured tt̄H cross sections in pp collisions at centre-of-mass energies of 8 TeV and 13 TeV. Both the
total and statistical-only uncertainties are shown. The measurements are compared with the SM prediction. The
band around the prediction represents the PDF+↵S uncertainties and the uncertainties due to missing higher-order
corrections.
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Ref. PLB 784 (2018) 173

Sgl. Strength modifiers

X-sec vs. CM energy

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Phys. Lett. B 784 (2018) 173
DOI: 10.1016/j.physletb.2018.07.035

CERN-EP-2018-138
15th August 2018

Observation of Higgs boson production in
association with a top quark pair at the LHC with

the ATLAS detector

The ATLAS Collaboration

The observation of Higgs boson production in association with a top quark pair (tt̄H),
based on the analysis of proton–proton collision data at a centre-of-mass energy of 13 TeV
recorded with the ATLAS detector at the Large Hadron Collider, is presented. Using data
corresponding to integrated luminosities of up to 79.8 fb�1, and considering Higgs boson
decays into bb̄, WW⇤, ⌧+⌧�, ��, and Z Z⇤, the observed significance is 5.8 standard deviations,
compared to an expectation of 4.9 standard deviations. Combined with the tt̄H searches using
a dataset corresponding to integrated luminosities of 4.5 fb�1 at 7 TeV and 20.3 fb�1 at 8 TeV,
the observed (expected) significance is 6.3 (5.1) standard deviations. Assuming Standard
Model branching fractions, the total tt̄H production cross section at 13 TeV is measured to
be 670 ± 90 (stat.) +110

�100 (syst.) fb, in agreement with the Standard Model prediction.

© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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10th September 2018 �14

ttH, H➝γγ candidate 
with a γγ pair, 1 electron, 4 jets (1 b-tag jet) 
mγγ=125.3 GeV
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An ATLAS ttH (H➝γγ) candidate 
with a γγ pair, 1 electron, 4 jets (1 b-tag jet)

M(γγ) = 125.3 GeV

A CMS ttH (H➝ττ) candidate



Measurement of H→bb̄ Decay
The decay with the largest 
branching fraction but it is also a 
very difficult channel.
Main challenge from the MASSIVE 
bb̄ background from QCD 
processes, ~103 times to the signal in 
the target mass region.
Choose the production signature 
associated with a W or Z, a.k.a. the 
VH production to reduce the 
background.
Heavily rely on b-tagging and 
multivariate analysis, too!
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ATLAS H→bb̄ Result
ATLAS study of H→bb̄: Multivariate 
analysis in 0,1 and 2 lepton channels.
Cross-checked with diboson VZ; result 
consists with SM (μ=1.20+0.20/–0.18). 
Combined with other production processes: 
observation of H→bb̄; combined with 
other Higgs decays: observation of VH 
production.
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7.2 Results of the dijet-mass analysis

For all channels combined the fitted value of the signal strength is

µbbVH = 1.06+0.36
�0.33 = 1.06 ± 0.20(stat.)+0.30

�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance
of 3.6 standard deviations, compared to an expectation of 3.5 standard deviations. Good agreement is
also found when comparing the values of signal strengths in the individual channels from the dijet-mass
analysis with those from the multivariate analysis.

The mbb distribution is shown in Figure 4 summed over all channels and regions, weighted by their
respective values of the ratio of fitted Higgs boson signal and background yields and after subtraction of
all backgrounds except for the W Z and Z Z diboson processes.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, pVT regions and
number-of-jets categories are summed and weighted by their respective S/B, with S being the total fitted signal and
B the total fitted background in each region. The expected contribution of the associated WH and ZH production
of a SM Higgs boson with mH = 125 GeV is shown scaled by the measured signal strength (µ = 1.06). The size of
the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs boson search analysis, the measurement of V Z production based on the
multivariate analysis described in Section 6.3 returns a value of signal strength

µbbVZ = 1.20+0.20
�0.18 = 1.20 ± 0.08(stat.)+0.19

�0.16(syst.),
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Table 12: Expected and observed significance values (in standard deviations) for the H ! bb̄ channels fitted
independently and their combination using the 7 TeV, 8 TeV and 13 TeV data.

Channel Significance

Exp. Obs.

VBF+ggF 0.9 1.5
tt̄H 1.9 1.9
VH 5.1 4.9

H ! bb̄ combination 5.5 5.4

bb→H
µ

0 1 2 3 4 5 6 7

Comb.

VH

ttH

VBF+ggF

0.20−
+0.201.01    , 0.12−

+0.12                                0.15−
+0.16                                                 (                 )         

0.21−
+0.220.98    , 0.14−

+0.14                                0.16−
+0.17                                                 (                 )         

0.54−
+0.561.00    , 0.27−

+0.28                                0.46−
+0.48                                                 (                 )         

1.12−
+1.161.68    , 1.00−

+1.01                                0.51−
+0.57                                                 (                 )         

  Tot. ( Stat., Syst. )
Total Stat.

ATLAS bb→H = 7 TeV, 8 TeV, and 13 TeVs
-1, and 24.5-79.8 fb-1, 20.3 fb-1      4.7 fb

Figure 7: The fitted values of the Higgs boson signal strength µH!bb for mH = 125 GeV separately for the VH,
tt̄H and VBF+ggF analyses along with their combination, using the 7 TeV, 8 TeV and 13 TeV data. The individual
µH!bb values for the di�erent production modes are obtained from a simultaneous fit with the signal strengths for
each of the processes floating independently. The probability of compatibility of the individual signal strengths is
83%.
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Figure 2: Event yields as a function of log10(S/B) for data, background and a Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all regions are combined into bins of log10(S/B), with S being the fitted signal and B
the fitted background yields. The Higgs boson signal contribution is shown after rescaling the SM cross-section
according to the value of the signal strength extracted from data (µ = 1.16). In the lower panel, the pull of the
data relative to the background (the statistical significance of the di�erence between data and fitted background) is
shown with statistical uncertainties only. The full line indicates the pull expected from the sum of fitted signal and
background relative to the fitted background.

Table 11: Measured signal strengths with their combined statistical and systematic uncertainties, expected and
observed p0 and significance values (in standard deviations) from the combined fit with a single signal strength, and
from a combined fit where each of the lepton channels has its own signal strength, using 13 TeV data.

Signal strength Signal strength
p0 Significance

Exp. Obs. Exp. Obs.

0-lepton 1.04+0.34
�0.32 9.5 · 10�4 5.1 · 10�4 3.1 3.3

1-lepton 1.09+0.46
�0.42 8.7 · 10�3 4.9 · 10�3 2.4 2.6

2-lepton 1.38+0.46
�0.42 4.0 · 10�3 3.3 · 10�4 2.6 3.4

VH, H ! bb̄ combination 1.16+0.27
�0.25 7.3 · 10�6 5.3 · 10�7 4.3 4.9

23

VH, H→bb̄ (run1+2016+2017)

                 μ=0.98         
obs. (exp.) significance: 4.8σ (4.9σ)

Combined with VBF/ggF/ttH, H→bb̄
μ=1.01 ± 0.20 

obs. (exp.) significance: 5.4σ (5.5σ)
Combined w/ other Run-2 VH analyses
                 μ=1.13         

obs. (exp.) significance: 5.3σ (4.8σ)

+0.22 
–0.21

+0.24 
–0.23

S/B distributionH→bb̄ peak w/ 80 fb–1

Sgl. Strength modifiers
Ref. PLB 786 (2018) 59



CMS H→bb̄ Result
3 reconstructed channels (0/1/2 leptons) with 
improved b-tagging and new b-jet energy 
regression. 
Cross checked with VZ(→bb̄), consistent with 
SM (μ=1.05±0.22). 
Nearly observation of VH production; combined 
with other processes confirm the observation of 
H→bb̄ with full Run1+2016(+2017) data sets.
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8

systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties
are treated as correlated between processes at the same collision energy, while the theory un-
certainties are correlated between all processes and data sets. The observed (expected) signal
significance is 5.6 (5.5)s, and the measured signal strength is µ = 1.04 ± 0.20. In addition to
the overall signal strength for the H ! bb decay, the signal strengths for the individual pro-
duction processes are also determined in this combination, where contributions from a single
production process to multiple channels are properly accounted for in the fit. All results are
summarized in Fig. 3.

µBest fit 
0 1 2 3 4 5 6 7 8 9

Combined

ZH

WH

ttH

VBF

ggF
stat      syst

 0.14± 0.14 ±1.04 

 0.16± 0.24 ±0.88 

 0.24± 0.29 ±1.24 

 0.37± 0.23 ±0.85 

 1.17± 0.98 ±2.53 

 1.30± 2.08 ±2.80 

CMS
 (13 TeV)-1 77.2 fb≤ (8 TeV) + -1 19.8 fb≤ (7 TeV) + -1 5.1 fb≤

bb→H

Observed
 syst)⊕ (stat σ1±

 (syst)σ1±

Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

In summary, measurement of the standard model Higgs boson decaying to bottom quarks
has been presented. A combination of all CMS measurements of the VH, H ! bb process
using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an
observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the
signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the
CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through
gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)
significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04 ± 0.20.
This constitutes the observation of the H ! bb decay by the CMS Collaboration.
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Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
Data set Expected Observed Signal strength
2017

0-lepton 1.9 1.3 0.73 ± 0.65
1-lepton 1.8 2.6 1.32 ± 0.55
2-lepton 1.9 1.9 1.05 ± 0.59
Combined 3.1 3.3 1.08 ± 0.34

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.22
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Figure 2: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

A combination of CMS measurements of the H ! bb decay is performed, including dedicated
analyses for the following production processes: VH (reported above), gluon fusion [38], vec-
tor boson fusion [44], and associated production with top quarks [30, 41, 42]. These analyses
use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of
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Figure 1: Left: distributions of signal, background, and data event yields sorted into bins of
similar signal-to-background ratio, as given by the result of the fit to their corresponding mul-
tivariate discriminant. All events in the VH, H ! bb signal regions of the combined Run 1
and Run 2 data sets are included. The red histogram indicates the Higgs boson signal con-
tribution, while the grey histogram is the sum of all background yields. The bottom panel
shows the ratio of the data to the background, with the total uncertainty in the background
yield indicated by the grey hatching. The red line indicates the sum of signal plus background
contribution divided by the background yield. Right: best-fit value of the signal strength µ, at
mH = 125.09 GeV, for the fit of all VH, H ! bb channels in the Run 1 and Run 2 data sets. Also
shown are the individual results of the 2016 and 2017 measurements, the Run 2 combination,
and the Run 1 result. Horizontal error bars indicate the 1s systematic (red) and 1s total (blue)
uncertainties, and the vertical dashed line indicates the SM expectation.

The combination yields an observed signal significance of 4.8s, where 4.9s is expected. The
measured signal strength is µ = 1.01 ± 0.22 [0.17 (stat) ± 0.09 (exp)± 0.06 (MC)± 0.08 (theo)],
where the decomposition of the total uncertainty into its components is specified in brackets
following the definitions in Table 1. Figure 1 (left) shows the distribution of events in all chan-
nels sorted according to the observed value of log10 (S/B) for the combined Run 1 and Run
2 data sets, where signal S and background B yields are determined from the corresponding
discriminant score used in each analysis (DNNs for the 2017 data set, boosted decision trees for
all other data sets). Figure 1 (right) summarizes the signal strengths for VH production, with
H ! bb, separately for the different data sets and the combination, while Table 2 summarizes
the significances, also including a breakdown of the 2017 results separated by channel.

An alternative to fitting the DNN score is to fit the m(jj) distribution, which results in less sen-
sitivity but enables a more direct visualization of the Higgs boson signal. As in the VZ analysis,
the signal region is defined to be in the interval [60, 160]GeV in m(jj). This study is performed
only with the 2016 and 2017 data sets, in which events are categorized into four bins of in-
creasing signal-to-background ratio according to the score of their corresponding discriminant,
obtained with those input variables correlated with m(jj) fixed to their mean values. The result-
ing four m(jj) distributions in each data set are fit together with the same distributions used in
the control regions, described above, to extract signal and background yields. The fitted m(jj)
distributions are combined and weighted by S/(S + B), where S and B are computed from
the Higgs boson signal yield and the sum of all background yields for each category consid-
ering their fitted normalizations, respectively. The resulting combined m(jj) distribution, after
background subtraction, is shown in Fig. 2, where the VH and VZ contributions are separately

VH, H→bb̄ (run1+2016+2017)

μ=1.01 ± 0.22 
obs. (exp.) significance: 4.8σ (4.9σ)
Combined with other productions

μ=1.04 ± 0.20 
obs. (exp.) significance: 5.6σ (5.5σ)

S/B distribution H→bb̄ peak w/ 77 fb–1

Sgl. Strength modifiers

Ref. PRL 121 (2018) 121801
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An ATLAS WH (W➝μν, H➝bb)  
candidate event collected in 2017

A CMS ZH (H➝bb) candidate  
event collected in 2017
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Figure 1: The c-jet tagging e�ciency (colored scale) as a function of the b-jet and l-jet rejection as obtained from
simulated tt̄ events. The cross, labeled as working point, WP, denotes the selection criterion used in this analysis.
The solid and dotted black lines indicate the contours in rejection space for the fixed c-tagging e�ciency used in
the analysis and two alternatives.

Jets in simulated events are labeled according to the presence of a heavy-flavor hadron with pT > 5 GeV
within �R = 0.3 from the jet axis. If a b-hadron is found the jet is labeled as a b-jet. If no b-hadron
is found, but a c-hadron is present, then the jet is labeled as a c-jet. Otherwise the jet is labeled as a
light-flavor jet (l-jet).

Flavor-tagging algorithms exploit the di�erent lifetimes of b-, c- and light-flavor hadrons. A c-tagging
algorithm is used to identify c-jets. Charm jets are particularly challenging to tag because c-hadrons have
shorter lifetimes and decay to fewer charged particles than b-hadrons. Boosted decision trees (BDTs) are
trained to obtain two multivariate discriminants: to separate c-jets from l-jets and c-jets from b-jets. The
same variables used for b-tagging [66, 67] are used. Figure 1 shows the selection criteria applied in the
two-dimensional multivariate discriminant space, to obtain an e�ciency of 41% for c-jets and rejection
factors of 4.0 and 20 for b-jets and l-jets. The e�ciencies are calibrated to data using b-quarks from
t ! Wb and c-quarks from W ! cs, cd with methods identical to the b-tagging algorithms [66]. Statistical
uncertainties in the simulation are reduced, by weighting events according to the tagging e�ciencies of
their jets, parameterized as a function of jet flavor, pT, ⌘ and the angular separation between jets, rather
than imposing a direct requirement on the c-tagging discriminants.

Data are analyzed in four categories with di�erent expected signal purities. The dijet invariant mass, mcc̄,
constructed using the two highest-pT jets, is the discriminating variable in each category. Categories are
defined using the transverse momentum of the reconstructed Z boson, pZ

T (75 GeV  pZ
T < 150 GeV and

pZ
T � 150 GeV) and the number of c-tags amongst the leading jets (either one or two). The pZ

T requirements
exploit the harder pZ

T distribution in ZH compared to Z + jets production. Background events are rejected
by requiring the angular separation between the two jets constituting the dijet system, �Rcc̄, to be less
than 2.2, 1.5 or 1.3 for events satisfying 75  pZ

T < 150 GeV, 150  pZ
T < 200 GeV or pZ

T � 200 GeV.
The signal acceptance ranges from 0.5% to 3.4% depending on the category. A joint binned maximum-
profile-likelihood fit to mcc̄ in the categories is used to extract the signal yield and the Z+jets background
normalization. The fit uses 15 bins in each category within the range of 50 GeV < mcc̄ < 200 GeV, with
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Figure 2: Observed and predicted mcc̄ distributions in the 2 c-tag analysis categories. The expected signal is scaled
by a factor of 100. Backgrounds are corrected to the results of the fit to the data. The predicted background from
the simulation is shown as red dashed histograms. The ratios of the data to the fitted background are shown in the
lower panels. The error bands indicate the sum in quadrature of the statistical and systematic uncertainties in the
background prediction.

A search for the decay of the Higgs boson to charm quarks has been performed using 36.1 fb�1 of data
collected with the ATLAS detector in pp collisions at

p
s = 13 TeV at the LHC. No significant excess

of ZH(cc̄) production is observed over the SM background expectation. The observed upper limit on
�(pp ! ZH)⇥B(H ! cc̄) is 2.7 pb at the 95% CL. The corresponding expected upper limit is 3.9+2.1

�1.1 pb.
This is the most stringent limit to date in direct searches for the inclusive decay of the Higgs boson to
charm quarks.
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submitted to PRL

CMS search of H→μ+μ–  
with Run1+2016 data:

ATLAS search of H→cc ̄ 
with 2016 data:
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.

Table 3: Expected and observed branching fraction upper limits at 95% CL for the �� and ⇢� analyses. The ±1�
intervals of the expected limits are also given.

Branching Fraction Limit (95% CL) Expected Observed
B (H ! ��) [ 10�4 ] 4.2+1.8

�1.2 4.8
B (Z ! ��) [ 10�6 ] 1.3+0.6

�0.4 0.9
B (H ! ⇢�) [ 10�4 ] 8.4+4.1

�2.4 8.8
B (Z ! ⇢�) [ 10�6 ] 33+13

�9 25

8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into

13

ATLAS search of  
H/Z→φγ/ργ with 2016 data:

BF(H→φγ) < 4.8 × 10–4

BF(H→ργ) < 8.8 × 10–4

BF(Z→φγ) < 0.9 × 10–6

BF(Z→ργ) < 2.5 × 10–5

Ref. JHEP 07 (2018) 127

BF(H→invisible) < 26%
and constraints to Higgs-

portal models of DM

Ref. arXiv:1809.05937  
submitted to PLB

CMS search of H→invisible 
with 2016 data:

M(KKγ) M(ππγ)

Limit on BF Limit on DM
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Cross-section normalized to SM value
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The Higgs Boson is still 
pretty much SM-like so far!

Only 6 years since the discovery –– 
we already observed/tested many 
Higgs decays and properties!

However the Higgs boson is still 
very unique and requires a lot of 
further tests, in particular those 
properties associated with 
electroweak symmetry breaking…

TASK CHECK?
Discovery of the boson itself ✔

Observation of ggF production ✔

Observation of H→ZZ* decay ✔

Observation of H→γγ decay ✔

Observation of H→WW* decay ✔

Observation of VBF production ✔

Observation of H→ττ decay ✔

Observation of ttH production ✔

Observation of H→bb decay ✔

Observation of VH production ✔

H→μμ decay ?
????



Top Physics @ LHC
Precision measurement of top cross section.
- Top (pair/single) production rate at high center of mass energy.

Large top production rate at LHC –– A TOP QUARK FACTORY
- Use top quark as a calibration source  

(e.g., a very clean source of b-jet).
- High precision determination of top quark mass.
- Test of spin/polarization, asymmetries, etc.
- Probing electroweak couplings and top rare decays.

New physics heavier than the top quark
- Heavy new particles decay with  

(high-pT) top in the final state.

20

>120 M top quark pairs have  
been produced in LHC Run-2!
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NNLO+NNLL calculation:
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Experimental precision (totally 
systematic dominant!) reached ~4%; 

theory precision is around 6%. 
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submitted to JHEP
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measurements with 

boosted hadronic top

Ref. PRD 98 (2018) 012003

 

vs. pT(t) vs. y(t) vs. m(tt)̄
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 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm
WGtopLHC

November 2018

World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 

ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 

ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 

ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 

CMS, l+jets 7 TeV  [9] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [10] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [11] 1.23)± 1.41 (0.69 ±173.49 

CMS, l+jets 8 TeV  [12] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [12] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [12] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [13] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [12] 0.47)± 0.48 (0.13 ±172.44 

CMS, l+jets 13 TeV  [14] 0.62)± 0.63 (0.08 ±172.25 

CMS, dilepton 13 TeV  [15] 0.69)± 0.70 (0.14 ±172.33 

CMS, all jets 13 TeV  [16] 0.76)± 0.79 (0.20 ±172.34 
[1] ATLAS-CONF-2013-102
[2] arXiv:1403.4427
[3] Eur.Phys.J.C75 (2015) 330
[4] Eur.Phys.J.C75 (2015) 158
[5] ATLAS-CONF-2014-055
[6] Phys.Lett.B761 (2016) 350

[7] JHEP 09 (2017) 118
[8] arXiv:1810.01772
[9] JHEP 12 (2012) 105
[10] Eur.Phys.J.C72 (2012) 2202
[11] Eur.Phys.J.C74 (2014) 2758
[12] Phys.Rev.D93 (2016) 072004

[13] EPJC 77 (2017) 354
[14] arXiv:1805.01428
[15] CMS PAS TOP-17-001
[16] CMS PAS TOP-17-008

“Classical methods” 
are all systematic 

dominant already!

ATLAS 7+8 TeV combine  
172.69 ± 0.25 ± 0.41 GeV

CMS 7+8 TeV combine
172.44 ± 0.13 ± 0.47 GeV

Ref. arXiv:1810.01772, submitted to EPJC Ref. PRD 93 (2016) 072004

Alternative methods (e.g. with kinematical 
endpoint, b-hadron lifetime, etc) are not yet 

very accurate, but can have some potential 
improvement with the upcoming statistics.
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αs, mtpole & PDF

New result from CMS: based on 
triple-differential measurements 
of tt ̄cross section in m(tt)̄, y(tt)̄, 
and # of additional jets at 13 TeV:
- Extract the strong coupling 

strength αs and top pole mass 
with external PDFs.

- Or a simultaneous fit to PDFs, 
αs, and pole mt –– the tt ̄data 
have a significant impact on 
the gluon PDF at large x!
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Single Top Production
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t-channel

tW

s-channel

ATLAS t-channel
086 (2017) 04 JHEP

531, (2017) 77 112006, EPJC (2014) 90 PRD

CMS t-channel
752 (2017) PLB 772

090, (2014) 06 035, JHEP (2012) 12 JHEP

ATLAS tW
063 (2018) 01 JHEP

064, (2016) 01 142, JHEP (2012) PLB 716

CMS tW
117 (2018) 10 JHEP

231802, (2014) 112 022003, PRL (2013) 110 PRL

LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
228 (2016) PLB 756

ATLAS-CONF-2011-118 95% CL,

CMS s-channel
        7+8 TeV combined fit 95% CL×

CL 95% 027 (2016) 09 JHEP

58 (2014) PLB 736NNLO 
scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD

 contribution removedttW: t
 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
VeG 65 =

F
µ and VeG 60 =  removalt veto for tb

T
tW: p

scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 

VeG = 172.5topm

stat  total

t-channel: already enter precision 
regime, can be used to derive other 

parameters, including Vtb.

tW-channel: large 
tt ̄background but 
finally measured.

s-channel: very 
challenge process, 

not yet fully 
measured.



Observation of tZq
Single top quark in association with a Z boson is observed with CMS 
2016+2017 77 fb–1 data.
Based on a very clean trilepton+b-jet events + BDT analysis for 
background discrimination with |M(ℓ+ℓ–)–MZ|<15 GeV.
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tZq Production and Others
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tZq with 2016 data.
Look for 3-leptons + 
2 jets (1-b-tagged); 
final discriminant 
with NN.

σ = 600 ±170 ±140 fb
obs. (exp.) significance:  

4.2σ (5.4σ)

Ref. PLB 780 (2018) 557

postfit NN output

CMS search of single 
t+γ with 2016 data.
Look for μ+γ+2 jets 
(1-b-tagged); final 
discriminant with 
BDT.

σ = 115 ±17 ±30 fb
obs. significance: 4.4σ

postfit BDT

Ref. PRL 121, 221802 (2018)



Top Spin Correlations
Spins of top pairs are strongly 
correlated at the production:
- Low M(tt)̄: RR/LL dominate
- High M(tt)̄: RL/LR dominate

Top quark decays before 
hadronization; spin information 
transferred to daughter particles.

SM-extended models can modify 
spin polarization and correlation 
of top quarks though new mediator 
or new heavy particle decay to top.
➡ An excellent probe of NP!
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at the LHC using the helicity basis, where 67% of the
t t̄ pairs have like helicities @19#. These asymmetries may be
understood in terms of the amplitudes ~2.5!–~2.13! and rela-
tive parton luminosities at the two machines. It is well
known that t t̄ production at the Tevatron is dominated by
the qq̄ initial state; see, e.g., Ref. @20#. Furthermore, Eq.
~2.5! tells us that the production of like-spin t t̄ pairs in the
‘‘beam line’’ basis from a qq̄ initial state is disfavored.
Consequently, most of the t t̄ pairs produced at the Tevatron
have unlike spins in this description. Similar considerations
may be applied to understand the production asymmetries in
terms of the helicity basis at both machines.
Since the size of the physics that we will discuss in Sec.

IV is directly proportional to the asymmetry between like
and unlike spins, it is important to determine the basis which
maximizes this asymmetry. For any given hadron collider,
the asymmetry for a given spin basis depends on the relative
strengths of the qq̄ and gg components, as well as the zero
momentum frame speed of the top quarks for these compo-

nents. We have analyzed many bases besides the two dis-
cussed here, and the ‘‘beam line’’ basis gives the largest
asymmetry at the Tevatron, while the helicity basis gives the
greatest asymmetry at the LHC. Even though we believe
these bases are optimal for these two machines, we do not
yet have a proof of this fact.
Since the b and u* dependence is different for different

spin configurations, we may ask if it is possible to devise a
set of cuts which would increase the purity of the dominant
spin configuration. For the Tevatron using the ‘‘beam
line’’ basis, this turns out to be difficult. We have found that
in order to increase the fraction of unlike-spin t t̄ pairs by
more than a percent or two, it is necessary to apply such
stringent cuts that the statistics are reduced by a factor of 10
or more. Fortunately, 80% purity is already sufficiently good
to render the correlations we wish to consider visible ~see
Sec. IV!. On the other hand, using the helicity basis at the
Tevatron and requiring Mt t̄ to be larger than some value will
improve the unlike-helicity purity of the sample. In Fig. 5 we
show how such a cut affects the fraction of unlike-helicity
pairs, as well as the fraction of the total t t̄ sample retained
by such a cut. Using this basis with the cut Mt t̄ .450 GeV
increases the unlike-helicity fraction to 74%, while retaining
47% of the data sample.
It may also be desirable at the LHC to impose a cut on

Mt t̄ . Recall that Eqs. ~2.12! and ~2.13! predict that for low
values of b , mostly like-helicity pairs are produced, while
for high values of b , mostly unlike-helicity pairs are pro-
duced. This feature is clearly visible in Fig. 4: In the 800–
900 GeV region, the like- and unlike-helicity contributions
from gg become equal. Thus, it is reasonable to consider
selecting events with Mt t̄ less than some maximum value. In
Fig. 6 we show how such a cut affects the fraction of like-
helicity pairs, as well as the fraction of the total t t̄ sample
retained by such a cut. For example, if we impose the cut
Mt t̄ ,500 GeV, we increase the like-helicity fraction to
78%, while retaining 45% of the data sample.
Last, all of the above fractions depend only weakly upon

the value of the top quark mass, varying by only a few per-
cent over the range 150 GeV ,mt, 200 GeV.

FIG. 3. Differential cross section for t t̄ production as a function
of the t t̄ invariant mass Mt t̄ for the Tevatron with center-of-mass
energy 2.0 TeV, decomposed into LR1RL and LL1RR helicities
in the zero momentum frame of the t t̄ pair for both qq̄ and gg
components.

FIG. 4. Differential cross section for t t̄ production as a function
of the t t̄ invariant mass Mt t̄ for the LHC with center-of-mass en-
ergy 14 TeV, decomposed into LR1RL and LL1RR helicities in
the zero momentum frame of the t t̄ pair for both qq̄ and gg com-
ponents.

FIG. 5. The solid curve is the fraction of those t t̄ pairs at the
Tevatron ~2.0 TeV! with an invariant mass above Mt t̄ which have
helicities LR1RL . The dashed curve is the fraction of the total
cross section with an invariant mass above Mt t̄ .

53 4889ANGULAR CORRELATIONS IN TOP QUARK PAIR . . .

g g

tR
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Ref. Mahlon & Parke,  
PPD 53 (1996) 4886



Excess of Deviation!?
ATLAS spin correlation analysis with top decay 
pair decays from 13 TeV 2016 data:
- Very clean dileptonic tt ̄sample (eμ) used.
- Check the ∆φ between the two leptons; no 

needs of kinematic reconstruction.
- Extract the fraction of SM-like spin correlation 

(fSM) from fits to the unfold parton level data.
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Inclusive 1.250±0.026±0.063 3.70σ (3.20σ)

Ref. ATLAS-CONF-2018-027

parton level ∆φ

Postfit dist.



Adding more “N” might help?
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��(`, ¯̀) Theory vs. data from ATLAS-CONF-2018-027

0.6

0.8

1.0

1.2

1.4

1.6

�
�1

d�
/d

(�
�
/�

)

LHC 13 TeV mt = 172.5 GeV

Scale: HT/4 PDF: NNPDF31nnlo

fiducial

LO

NLO

NNLO

ATLAS

0.0 0.2 0.4 0.6 0.8 1.0

��(`, ¯̀)/�

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

N
N

L
O

/N
L
O

Perfect agreement in fiducial, di↵erences in inclusive phase space

! possibly hints at di↵erences in the extrapolation to inclusive

phase space

6

And fitting a1 does not ensure that the measured distribution is well 
described, because one needs to reproduce a2, … 
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awful for 
MA = 100

Moral: it is nontrivial to reproduce the distribution

Amazingly, the agreement of the ϕ distribution is perfect for pTj ≥ 85 GeV, 
with much smaller modifications in Δη
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The question seems answered: the deviation 
is (mostly) due to kinematics. Really?

It seems that the recent 
NNLO calculations 

improve the description

Or adding a 300 
GeV pseudoscalar 

mediator

Or simply require 
different kinematics 

in the tt+jet

See the contributions at recent 
LHC TOP WG Meeting!

Ref. Talk by Rene Poncelet 

Ref.  
Talk by J. A. Aguilar-Saavedra
JHEP 09 (2018) 116 

https://indico.cern.ch/event/746611/

https://indico.cern.ch/event/746611/


CMS Results
CMS measures op quark polarization and 
spin correlations using 2016 13 TeV data.
Parton-level differential cross sections 
which are sensitive to the spin-dependent 
parts tt production density matrix are 
measured.
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Obviously we need 
to wait longer for 

the party…



LHC Outlook & Plan
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We are here now! Start of HL-LHC

HL-LHC is just ahead of us, expected to collect 3000 fb
–1

 of data; maximize the 
reach for the searches and for precision measurements.
All experiments plan to upgrade the detectors  during either 2019-2020 or 
2024-2026 for HL-LHC environment (tolerance with a much higher pile-up, aiming 
for a higher precision, etc).
➡ LHC will operate till ~2037; only ~5% of the collisions delivered so far!



Summary
LHC continue to explore the Terascale regime!

On the Higgs boson: this year the ttH production and B→bb̄ 
decay are finally observed with new 13 TeV data. The boson 
is very consistent with Standard Model expectations, still.

On the Top quark: high quality measurements are carried 
out by the LHC experiments. Precise measurements require 
precise calculations for a better understanding/modeling of 
the data.

Measurements of SM processes show good agreement with 
predictions. No sign of new physics so far and the left space 
of SM-extended models is squeezed. 
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